Intracellular stimulation of mast cells with guanine nucleotides mimic antigenic stimulation  by Fernandez, J.M. et al.
Volume 216, number 1, 89-93 FEB 04708 May 1987 
Intracellular stimulation of mast cells with guanine 
nucleotides mimic antigenic stimulation 
J.M. Femandez, M. Lindau* and F. Eckstein’ 
University of Pennsylvania, School of Medicine, Department of Physiology, Philadelphia, PA 19104, USA, 
*Freie Universittit Berlin, Abteilung Biophysik, Fb. Physik D-1000, Berlin 33 and +Max-Planck-Institutfiir Experimentelle 
Medizin, Abteiiung Chemie, D-3400 Giittingen, FRG 
Received 16 February 1987; revised version received 13 March 1987 
Exocytosis was followed in single rat peritoneal mast cells, by measuring the cell membrane capacitance 
using circuit analysis and patch-clamp techniques. After antigenic stimulation or intracellular perfusion with 
guanine nucleotides, exocytosis followed a time course characterized by a lag period d, area expansion factor 
A, and a time constant r. We suggest hat A depends entirely on the cell’s morphology, d reflects the proper- 
ties of a GTP-binding regulatory protein that appears to rate limit the response and 7 is due to an indepen- 
dent and yet unknown process. In contrast, cells stimulated by compound 48/80 can respond without a 
measurable delay and degranulate within 2 s, suggesting that this compound acts at a site after the GTP- 
binding regulatory protein. 
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1. INTRODUCTION 
Antigen-induced release of inflammatory 
mediators by rat peritoneal mast (RPM) cells has 
been a favorite model to study exocytosis. ix- 
per&rents typically consist of measuring secreted 
products (i.e. histamine) from a large population 
of mast cells [I 1. These methods do not measure 
exocytosis directly and because of the large 
number of cells involved do not have good time 
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resolution as the measured parameters are due to 
the time average of signals coming from millions 
of cells [2]. In contrast, capacitance measurements 
[3] in single mast cells, directly measure the 
changes in plasma membrane area due to ex- 
ocytosis and accurately follow its time course [4,5]. 
We have characterized the time course of ex- 
ocytosis in mast cells responding to intracellular 
stimulation with guanine nucleotides or ex- 
tracellular stimulation with antigens or compound 
48/80. Our experiments uggest hat activation of 
a GTP-binding regulatory protein is an early event 
in antigen-induced mast cell exocytosis and that 
compound 48180 acts at a different or later stage. 
2. MATERIALS AND METHODS 
Rat peritoneal mast cells were obtained by 
peritoneal avage, plated into glass bottom culture 
chambers and stored at 37OC until use. 
Throughout the experiments the extracellular 
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saline was: 140 mM NaCl, 5 mM KCl, 1 mM 
MgC12, 2 mM CaC12, 10 mM Hepes, pH 7.2, and 
had an osmolality of 310 mosmol/kg (adjusted 
with D-glucose). The basic intracellular (pipette) 
solution consisted of 150 mM K-glutamate, 7 mM 
MgC12, 10 mM Hepes and 1OOpM BAPTA, 
2OOpM ATP, pH 7.2, and 290 mosmol/kg. To 
this basic solution various nucleotides were added 
at the time of the experiment. All experiments were 
done at room temperature. 
All guanine nucleotides were purified by 
chromatography. GTP (dilithium salt from Boeh- 
ringer Mannheim) was purified on a DEAE- 
Sephadex column (1.5 x 30 cm) using a linear gra- 
dient of 500 ml each of 0.2 M and 0.6 M 
triethylammonium bicarbonate. GDP was eluted 
at 0.35 M and GTP at 0.43 M buffer. Product 
containing fractions were pooled, evaporated at 
approx. 25°C and the residue coevaporated twice 
with methanol to remove buffer salt. GTP was 
checked for purity by HPLC analysis on a Waters 
system with an ODS-Hypersil(5 pm) column using 
a linear gradient of 100 mM triethylammonium 
bicarbonate with an increasing acetonitrile concen- 
tration from 0 to 15% in 15 min. The material con- 
tained less than 1% GDP. GTPyS (tetralithium 
salt from Boehringer Mannheim) was purified by 
preparative HPLC using the same system. Peaks 
containing products were collected and evaporated 
as described for GTP. The purified material con- 
tained approximately 6% GDP. 
Guanosine 5’-0-(3-fluorotriphosphate) (GTP- 
yF) and guanosine 5 ’ -0-(3-phenyltriphosphate) 
(GTPyOChHs) were synthesized as described [6]. 
These analogs were also checked for purity by the 
above HPLC system. GTPyF was better than 99% 
pure. GTPyOCsHs was about 90% pure and con- 
tained two impurities, one was possibly GDP but 
neither was GTP. 
When extracellular stimulation was required, 
cells were preincubated for 1 h at 37°C with ex- 
tracellular saline supplemented with 0.5 pug/ml 
monoclonal IgE against DNP43-BSA. Antigenic 
stimulation consisted on adding to the bath solu- 
tion 20 /g/ml of DNP43-BSA. 
The area of the cell membrane was continuously 
monitored by measuring the cell membrane 
capacitance as described previously for the whole- 
cell [4] or slow-whole-cell [5] recording configura- 
tion of the patch-clamp technique. 
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3. RESULTS AND DISCUSSION 
Mast cells can be stimulated, when using the 
whole-cell mode of the patch-clamp technique, by 
perfusing the cell’s cytoplasm with pipette solu- 
tions containing guanine nucleotides [4]. Fig. la 
shows the time course of the membrane 
capacitance increase, that results from perfusion 
of the cytosol with solutions containing GTPyS 
(concentrations indicated in the figure). Perfusion 
of the cytoplasm starts at t = 0, at this time the 
resting capacitance of the cell becomes apparent. 
After a lag period the cell membrane capacitance 
increases severalfold [4]. The time course of ex- 
ocytosis is strongly dependent on the GTPyS con- 
centration as shown. 
In order to identify the underlying cellular pro- 
cesses, we found it useful to attempt an analytical 
description of the time course of the membrane x- 
pansion. Fig.lb shows that the time course of the 
membrane expansion can be adequately described 
by: 
I 
Ci if t < d 
G(t) = (1) 
Ci + Ci*(A-l)*(l - exp-“3* if t > d 
Where d corresponds to the lag period between 
the stimulus and the beginning of degranulation, A 
is the ratio of the final to initial capacitance (Cr/Ci) 
and reflects the extent of degranulation. 7 is related 
to the rate at which the membrane capacitance in- 
creases. 
As shown in fig.lb, a fit with eqn 1 (solid line) 
is superimposable on the experimental data, giving 
values of d = 46 s, A = 3.6, 7 = 33 s (pipette solu- 
tion contained 50pM GTP+). 
An obvious explanation for the lag period d, is 
the time required for the diffusion of the guanine 
nucleotides into the cell’s cytoplasm, then one 
should expect a strong correlation between d and 
the access resistance into the cell, RA, which 
depends entirely on the pipette tip size and shape 
[7]. Fig.2a shows that this is not the case. In this 
figure, the lag period d is plotted against RA for 
three different concentrations of GTPyS (500, 50, 
20/1M) and as shown the lag period is strongly 
dependent on the nucleotide concentration but is 
independent of RA, indicating that d is due to an 
endogenous cellular process. 
As shown in fig.2b, at high concentrations of 
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Fig.1. (a) Time course of membrane expansion due to 
exocytosis in response to intracellular stimulation with 
various concentrations of GTP+. (b) Similar to (a) at 
50 FM GTPrS, the data has been fitted with eqn 1 (solid 
line) returning values for the lag period d, the time 
constant 7 and the expansion factor A. 
GTPyS, the lag period d seems to depend linearly 
on l/[GTP+] although this might not be true at 
lower GTPyS concentrations (20pM or less). The 
striking feature of this plot is that at very high con- 
centrations of GTP+, the lag period d reaches a 
minimum of about 19 s. A definite lag period of 
15-30 s has been observed in the appearance of 
histamine after stimulating a large population of 
mast cells [8]. In these experiments, the appearance 
of histamine reflects the average contribution of 
millions of cells, therefore the observed delay 
represents the earliest possible response from a 
d(o) ‘O”] a) d(s) “‘j b) 
60. l . 
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Fig.2. Dependence of the lag period d on the pipette 
access resistance RA (a; measured at 20 PM (o), 50 PM 
(A) and 200 pM GTPrS (*)) and GTP$S concentration 
(b). Error bars correspond to + SD. 
large number of cells, in good agreement with our 
observation of an absolute minimum for d. 
In cells stimulated by intracellular perfusion 
with solutions containing 20,~M GTP+, d has a 
typical value of 74 s. If the experiment is repeated 
adding GDP@ to the pipette solutions (50, 
100 ,uM), d is prolonged (130 s, 210 s, respectively) 
and eventually exocytosis can be blocked by 
4OOyM GDP@. Commercial samples of GTP$S 
contain sufficient GDP (180/o up to 40%) to give 
values of d substantially larger than those obtained 
with HPLC purified material, thus the importance 
of using purified GTPyS in quantitative studies. 
These results strongly suggest hat the lag period 
d manifests the properties of a GTP-binding 
regulatory protein whose action might be the rate 
limiting step in the activation of exocytosis in mast 
cells, 
The values of 7 varied widely at any given con- 
centration of GTPyS, as shown in fig.3a. No cor- 
relation could be found between 7 and the 
nucleotide concentration used. However, the data 
shows that it is possible to have the same value of 
7 for a degranulation having different values of d, 
suggesting that the cellular processes that control 
d, and 7 are of a different nature. 
The extent of the membrane expansion, A, ap- 
pears to be independent of the nucleotide concen- 
tration as shown in fig.3b, averaging 370%. 
Morphological studies of mast cells give good 
estimates of the extra membrane stored in a mast 
cell in the form of secretory granules, predicting a 
maximum expansion of 300-400% if all available 
granules fuse with the plasma membrane [9], in ex- 
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Fig.3. Time constant 7 (a) and expansion factor A f SD 
(b) as a function of GTPyS concentration. 
cellent agreement with our measurements. The 
observed scatter in the values of Cr, Cr and A cor- 
responds to having different cell diameters; even 
cells having the same diameter but different 
nucleus size will have a different number of 
secretory granules available for fusion [9] thus af- 
fecting Cr and A. 
We have tested, apart from GTPyS, two other 
y-phosphate modified GTP analogs, GTPyF and 
GTPyOC6H5 in order to test for similarities of the 
hypothetical GTP-binding protein involved in ex- 
ocytosis and other GTP-binding proteins. Of all 
the nucleotides tested GTPyS was the most potent, 
followed by GTPyOChH5 and GTP, with GTPyF 
having no effect. A similar sequence has been ob- 
tained for the stimulatory G-binding protein of 
adenylate cyclase [lo] as well as transducin [ 111. In 
contrast, elongation factor G can utilize GTPyF 
better than GTPyOCeH5 [6]. 
Our results demonstrate a new, powerful way of 
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Fig.4. Comparison of the time course of antigen (a) and 
compound 48/80 (b) stimulated cells. 
studying exocytosis, mainly a quantitative analysis 
of parameters that describe the time course of ex- 
ocytosis in single cells. However, the severe 
modification of the intracellular environment 
caused by the dialysis of the cell raises the question 
of how relevant are the observations made in cells 
dialysed and stimulated with GTPyS. Fortunately, 
we can explore this question by using the slow- 
whole-cell (SWC) technique [5] which allows for 
capacitance measurements in nearly intact cells. 
Fig.4a shows that the time course of exocytosis, 
in antigen (DNP~J-BSA, 20 fig/ml) stimulated cells 
(recorded in SWC), is similar to that obtained by 
perfusing cells with GTPyS containing solutions. 
Eqn 1, again, adequately fits the data (solid line in 
fig.4a) giving values of d = 61 s, 7 = 27 s, A = 
3.14. Under these conditions, the measured lag 
period d = 79 + 22, n = 5), is comparable to that 
obtained by perfusing cells with 20 PM GTPyS. In 
contrast to these results, stimulation with 48180 
(100 pg/ml) can produce a lag free and fast 
degranulation (fig.4b). 
Our results confirm and extend previous obser- 
vations, [4], [8], [12], suggesting that an early 
event in antigen-induced exocytosis is the activa- 
tion of a GTP-binding regulatory protein whose 
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properties can be accurately studied by following 
the methods outlined in this work. Furthermore, 
compound 48/80 seems to act at a site posterior to 
the GTP-binding protein, perhaps by activating 
directly the yet unknown enzyme responsible for 
generating the fusogenic messengers. These obser- 
vations are reminiscent of the mechanisms of hor- 
monal activation of the adenylate cyclase [13], 
which is rate limited by a GTP-binding regulatory 
protein and can be directly activated by the 
substance forskolin. 
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